ABSTRACT. The present study investigated the effects of Vernonia cinerea (VC) on the reproductive function in streptozotocin (STZ)-induced diabetic male rats. Six-week-old male Sprague-Dawley rats were randomly divided into four groups: group 1, normal control rats; group 2, diabetic untreated rats; group 3, diabetic rats treated with VC (10 mg/kg); and group 4, diabetic rats treated with VC (40 mg/kg). Diabetes mellitus (DM) was induced by intraperitoneal injection of STZ (60 mg/kg). All animals were treated for 30 consecutive days. Body weight, blood glucose, food intake, epididymal sperm parameters, testicular microstructure and serum testosterone levels were evaluated. VC treatment significantly restored the sperm motility and testosterone concentration, and decreased the testicular histopathological changes in DM rats. Moreover, high-dose VC exhibited an antidibetic activity and significantly improved the sperm count.
Diabetes mellitus (DM) is a chronic metabolic disease that represents a major public health problem because of the current lifestyle and dietary habits [9, 24] . The prevalence of DM has increased rapidly. The World Health Organization (WHO) has estimated that the number of patients with DM is anticipated to progress to 366 million by 2030 [5, 26, 41] . DM can result in many systemic complications, such as complication in the heart, kidneys, peripheral nerves and reproductive system [5, 9] . DM has been associated with negative effects on the male sexual function in humans and animal models including reduced spermatogenesis, erectile dysfunction, ejaculation disorder, sexual behavior and endocrine system abnormalities [1, 6, 8, 13] . It is also associated with the overproduction of reactive oxygen species (ROS) and decreased efficiency of antioxidant defenses [12] . A recent study has suggested that oxidative stress is an important pathophysiological mechanism underlying male reproductive dysfunction [9, 13] . Spermatozoa are particularly susceptible to the damaging effects of ROS, because their cell membrane contains a large amount of unsaturated fatty acids and the cytoplasm contains only a small concentration ROS-neutralizing enzyme [42] . Other studies have indicated that antioxidant treatment could improve the testicular dysfunction and subsequently ameliorate fertility in diabetic patients [13] .
Vernonia cinerea Less (VC) belongs to Family Asteraceae, which is widely distributed in South-East Asia, India, Bangladesh, Nepal and China [10, 43] . This plant has been used in Thai traditional medicine to treat fever, cancer, gastro-intestinal disorders, malaria and arthritis; cease smoking; and provide relief from asthma [7, 18, 36, 40, 43] . The bioactive compounds of VC have been characterized and quantified using gas chromatography-mass spectrometry (GC/MS). Various phytochemical substances, including sterols, flavonoids, triterpenoids, sesquiterpenes and tannins, have been isolated from VC by GC/MS [3, 21, 28, 37, 43, 44] . Other phytochemical substances have been identified by high-performance liquid chromatography (HPLC), including phenolic compounds, gallic acid, rutin, quercetin, caffeic acid and ferulic acid. In addition, trace elements, including Fe, Mn, Co, and Se were quantified by atomic absorption spectrometry (AAS) [31] . Some of these compounds have been shown to exhibit antioxidant and anti-inflammatory activities [22, 44] . Recent studies have indicated that VC supplement with exercise could reduce oxidative stress and beta-endorphin levels in smokers [18] . Another study showed that VC inhibited cytochrome P450 2A6 (CYP2A6); thus, it could be used in combination with the drug therapy for smoking cessation [27] . In addition, the ethanol extract of VC flowers was found to possess anti-inflammatory properties in rats with adjuvant-induced arthritis [17] , and the methanol extract has been shown to exhibit anti-inflammatory activity in rat models [20] . However, there were no studies on the effects of VC on the reproductive function in diabetic animal models. The present study was conducted to determine the effect of VC on the doi: 10.1292/jvms. reproductive function in streptozotocin (STZ)-induced diabetic male rats.
MATERIALS AND METHODS

Plant
VC was collected from Chiang Mai Province, Thailand. Air-dried and finely ground leaves and stem of VC (100 g) were extracted with 1 l of ethanol with daily shaking for 1 week, using a Buchner funnel and Whatmann no.1 filter paper. The whole process was repeated five times to ensure the maximum yield of the ethanol extract. The combined aqueous extract was concentrated at 37°C using a rotary evaporator and lyophilized using a freeze-dryer. The solid ethanol extract was stored at 4°C until use for bioassays.
Animals and housing conditions
Thirty male Sprague-Dawley rats (6 weeks; 180-200 g) were obtained from the National laboratory animal center, Mahidol University, Thailand. The animals were housed singly in standard polypropylene cages and were maintained under controlled conditions of light/dark cycles (12-hr light/12-hr dark), room temperature (25 ± 2°C) and relative humidity (60-70%) with free access to water and rat chow. The animals were acclimatized to the laboratory conditions for at least 7 days before experimental procedures. All procedures were carried out in accordance with the Guide for the care and Use of Laboratory Animals of the National Institutes of Health, U.S.A., and were approved by the Animal use and care committee of Kasetsart University Research and Development Institute, Kasetsart University, Thailand (ID:ACKU02958).
Induction of DM
DM was induced by a single intraperitoneal injection of STZ that was freshly prepared in ice-cold citrate buffer (0.1 M, pH 4.5) at a dose of 60 mg/kg. Three days after STZ injection, DM induction was confirmed by measuring blood glucose levels in blood samples from the tail vein using a blood glucose meter (Accu-Check Active, Roche Diagnostic, Germany). Only animals exhibiting a fasting glucose level 250 mg/dl were included in this study.
Experimental design
Animals were randomly divided into four groups, six animals in each group. Group 1 included control nondiabetic animals, whereas animals in groups 2-4 were diabetic. Group 2 included untreated diabetic animals, whereas rats in groups 3 and 4 were treated with a crude extract of VC at 10 and 40 mg/kg, respectively. The extract was suspended in distilled water with few drops of Tween 80 to prepare a 1% suspension. Drug administration was continued for 30 consecutive days using an oral gavage tube.
Blood glucose, body weight and food intake of animals
Blood glucose and body weight were monitored once weekly during the experiment. Food consumption was monitored daily by weighing at 11:00; a visual check was made for any food dropped on the floor of the cage. Food intake of each rat was measured by weighing the remaining chow.
Sperm collection and analysis
At the end of the experiment, all animals were sacrificed by a lethal dose of pentobarbital sodium. The testes and epididymides were collected and weighed. The testes were fixed for histological examination. The spermatozoa were collected by mincing the caudal part of the epididymis into small pieces and mixing it in 1 ml of Hank's balance salt solution, which was prewarmed at 37°C. Sperm parameters, such as sperm count, motility and viability, were examined microscopically according to the method described by Raji et al. (2003) . Sperm count was determined using Neubauer chamber cell counting under10 magnifications. Sperm viability, as well as the percentage of morphologically normal and abnormal sperms, was accessed by the one-step eosinnigrosin staining technique. Non-stained cells were considered living, whereas dead cells were stained orang-red because the stain could penetrate through the membrane. In addition, sperm morphology was evaluated.
Serum testosterone levels
Blood samples were collected from the posterior vena cava and centrifuge at 2,200 g for 15 min at 4°C. The serum was stored at −35°C for further analyses. Serum testosterone level was measured by an enzyme-linked immunosorbent assay (ELISA) Kit (Testosterone ELISA Kit, Abcam, Cambidge, U.K.) according to the manufacturer's instructions.
Histological examination
The testes were collected and fixed in 10% buffered formalin. The fixed tissue samples were processed according to the paraffin embedding technique and cut into 5-µm thick sections. The samples were stained with hematoxylin-eosin (HE). The seminiferous tubules and interstitial space were examined under a light microscope to evaluate basal membrane thickening, vascular changes, Leydig cells and spermatogenesis.
Statistical analysis
Data are expressed as the mean ± standard error of mean (SEM). Statistical analyses were performed by one-way ANOVA doi: 10.1292/jvms. followed by Tukey post hoc test using R Project Statistical Computing package (R Core Team, 2016) [29] . P-values <0.05 were considered statistically significant.
RESULTS
Effects of VC on body weight, food intake and blood glucose
The STZ-induced diabetic rats showed a low body weight, increased food consumption, and high blood glucose level (Table 1) . VC treatment did not prevent weight loss in diabetic rats and did not affect the food consumption. However, high-dose of VC (40 mg/kg) significantly decreased blood glucose level in STZ-induced diabetic rats. Table 2 shows the epididymal sperm characteristics. STZ-induced diabetic rats displayed a significant decrease in sperm count, motility and viability. However, administration of VC (40 mg/kg) improved the sperm count (P<0.05), and VC (10 and 40 mg/kg) significantly increased the sperm motility and decreased sperm abnormalities in diabetic rats (P<0.05).
Effects of VC on epididymal sperm characteristics
Effects of VC on reproductive organ weight and serum testosterone level
The testis and epididymis weight did not differ between the groups (Table 3) . The serum testosterone level was significantly lower in the STZ-induced diabetic rats. However, treatment with VC at 10 and 40 mg/kg significantly increased serum testosterone level in diabetic rats (P<0.05; Table 4 ).
Effects of VC on testicular histological structure
The control group showed a normal testicular structure with normal seminiferous tubules, interstitial structure and Data represent the mean ± standard error of mean (SEM). Different superscript letters indicate significant difference between these groups (P<0.05). NC, normal control rat; DMC, diabetic control rats; DM+VC10, diabetic rats treated with V. cineria (10 mg/kg); DM+VC40, diabetec rats treated with V. cinerea (40 mg/kg). Data represent the mean ± standard error of mean (SEM). Different superscript letters indicate significant difference between these groups (P<0.05). NC, normal control rat; DMC, diabetic control rats; DM+VC10, diabetic rats treated with V. cineria (10 mg/kg); DM+VC40, diabetec rats treated with V. cinerea (40 mg/kg). spermatogenesis. However, diabetic groups exhibited degenerated seminiferous tubules with remarkable reduction in germ cells (spermatogonia, spermatocytes, spermatids and Sertoli cells), premature detachment of germ cells and an evident increase in the extracellular matrix in the interstitial areas. Administration of VC to diabetic rats improved the testicular structure and interstitial structure, and increased germinal epithelium and all levels of spermatogenic cells. The control group exhibited Leydig cells with normal morphology. However, there was a decrease in the number of Leydig cells, as well as an eosinophilic congested fluid in the interstitial space of the untreated diabetic rats. After administration of VC, Leydig cells restored their normal structure ( Figs. 1 and  2) .
DISCUSSION
The present study demonstrated that administration of VC (40 mg/kg) to STZ-induced diabetic rats daily for 30 consecutive days improved blood glucose levels. Our results are in agreement with the previous findings, which showed that the leaf extract of VC had antidiabetic activities in alloxan-induced diabetic rats [10] In addition, previous studies showed that the acetone extract of V. colorata leaves exhibited a hypoglycemic and antidiabetic activity in normoglycemic and alloxan-induced diabetic rats, suggesting that flavonoids showed hypoglycemic and antidiabetic activity [38, 39] , whereas another study found that the terpenoid, leupeol acetate had an antihyperglycemic activity [38] . A previous study suggested that flavonoids exerted the antidiabetic effects via action on various molecular targets, including regulation of glucose metabolism in hepatocytes, increasing glucose uptake by the skeletal muscle and white adipose tissue [4] . Another study revealed that phytochemical compounds, such as garlic acid and resveratrol, decreased pancreatic β-cell damage in STZ-induced diabetic rats and suggested that the antidiabetic mechanism might invlove stimulation of insulin secretion or release of bound insulin [15] . However, VC supplementation in diabetic rats did not alleviate the body weight and food consumption. Many previous studies reported weight loss in diabetic rats and suggested that diabetes caused a decrease in fatty acid metabolism in the liver [1, 11] . This is the first study to report the effect of VC on the male reproductive function in STZ-induced diabetic rats. Our results confirmed the previous experimental findings that show that the deleterious effects of diabetes on the male reproductive functions involve multiple levels including altered spermatogenesis, degenerative changes of the testes, reduced testosterone synthesis and secretion, altered glucose metabolism, ejaculation dysfunction and decrease libido [8, 13, 19, 23, 35] . Oxidative stress has been considered the primary mechanism responsible for diabetes-induced testicular damage. This may cause peroxidation of fatty acids in the cell membrane resulting in atrophy of Leydig cells, degeneration of spermatogenic cells and diminished number of germ cells [14, 31, 33] . Our experiment showed that diabetic rats exhibited a significantly lower sperm concentration, sperm motility and serum testosterone levels; in addition, the microstructure of the testes showed widened intertubular space and distorted shape of seminiferous tubules. Antioxidants play an important role in preventing the deleterious effects of oxidative stress. Several studies have shown that phytochemical constituents of VC including flavonoids, triterpenoids, sesquiterpene lactones and trace elements exhibit antioxidant and anti-inflammatory properties [2, 14, 16, 30, 33, 36] . Our result showed that VC treatment could improve sperm concentration and motility, increase serum testosterone concentration, decrease the percentage of abnormal spermatozoa and restore the normal testicular structure. Previous studies have reported that some phytochemicals including gallic acid has the potential to protect against oxidative stress in the testes and to reversed sperm abnormalities [25, 34] . Another study showed that selenium had beneficial effects on male infertility, wherein it improved the sperm count and motility, increased serum testosterone levels and alleviated the histopathological changes in the testes [3, 32, 33] . Furthermore, our results are in agreement with those of previous studies, showing that VC treatment in diabetic rats increased sperm concentration and motility, increased serum testosterone levels and improve the testicular microstructure. Leydig cells or interstitial cells are important for testosterone synthesis and secretion. Testosterone is essential for maintenance of the structure and function of the testis and accessory organ as well as spermatogenesis. In the present study, serum testosterone levels decreased in diabetic rats, which concurrently showed significant decrease in sperm count. However, VC administration improved the sperm concentration, possibly owing to the increased testosterone secretion from Leydig cells. In addition, VC treatment in STZ-induced diabetic rats significantly increased testosterone concentration, because it prevented the negative complication of DM on the testicular function. Our results showed the aphrodisiac properties of VC in STZ-induced diabetic rats. VC exhibited an antidiabetic activity, improved the sperm count and motility, and increased testosterone level. Additional studies are needed to clarify the mechanism underlying the antidiabetic and aphrodisiac properties of the phytochemical compounds in VC including flavonoids, triterpenoids and sesquiterpenes, and to investigate their effects on other complications of DM. 
